1. Introduction {#s0005}
===============

The recent outbreak of pneumonia caused by the SARS-CoV-2 virus resulted in a public health emergency and thus became a matter of global concern [@b0005]. Under such circumstances, healthcare workers directly contacting infected patients have to wear full medical protective equipment (e.g., disposable medical protective clothing) to prevent human-to-human virus transmission, which has caused a shortage of such equipment and highlighted the need for novel medical barrier fabrics with higher durability and reusability.

Eco-friendly fibrous materials for environmental air filtration can be designed to feature high filtration efficiency, high tensile strength, biocompatibility, and antibacterial properties [@b0010]. Many of these materials contain poly(vinyl alcohol) (PVA), which is commonly processed by electrospinning, features the advantages of non-toxicity, mechanical stability, biocompatibility, and excellent film-forming ability, and is extensively used as a component of air filtration devices, medical supplies, and food packaging [@b0015]. Bioprotective materials typically contain metal nanoparticles, nanocellulose, and chitosan as antibacterial constituents [@b0020]. Specifically, the antibacterial activity of biomedical products such as wound dressings, hydrogels, membranes, and fibers is commonly enhanced by supplementation with photoactive Ag nanoparticles (AgNPs) [@b0025], which kill microorganisms by (i) gradually releasing Ag^+^ ions to hinder ATP production and DNA replication, (ii) directly destroying cell membranes, and (iii) promoting the generation of reactive oxygen species (ROS) [@b0030]. However, owing to the irreversible consumption of fungicides, their direct bactericidal action usually decreases significantly with the length and number of times they are used [@b0035].

Photocatalysts and photosensitizers have attracted considerable attention as photoactive antibacterial agents with high antibacterial activity, good controllability, low toxicity, and high efficiency. The antibacterial function of photosensitive compounds can be triggered and controlled by irradiation with UV-A or visible light (λ = 320--700 nm) [@b0040]. For example, inorganic photosensitizers (such as TiO~2~, Fe~2~O~3~ and ZnO) can be physically embedded in textiles or films, but photosensitive substances may be released from their matrix, which will shorten the life of these functional materials [@b0045]. Organic materials with photoinduced antimicrobial activity, e.g., benzophenone-derivative-containing fibers [@b0050], exhibit strong bactericidal effects but are driven by high-energy UV light rather than by readily available sunlight. The antibacterial activity of certain photoactive chemicals can be triggered and controlled by near-UV to visible-range light (300--700 nm) [@b0055]. In particular, 3,3′,4,4′-benzophenone tetracarboxylic acid (BPTA) can effectively impart photoinduced antibacterial activity, as exemplified by the excellent antibacterial performance of BPTA-treated cotton cellulose [@b0060]. In view of the lower pH and higher anion concentration in the reaction system compared to those of other photosensitive substances, esterification efficiency can be increased by lowering the pK~a~ of the corresponding acid in the catalyst. Sodium hypophosphite, a salt with moderate acidity and small anion size, has proven to be a good esterification catalyst [@b0065]. The two anhydride groups of BPTA can be hydrolyzed to afford the corresponding tetracarboxylic acid (BPTCA), which is soluble in hot water. Notably, BPTCA aqueous solutions can be directly used in fiber membrane processing and react with hydroxyl groups in the presence of sodium hypophosphite as a catalyst to form esters [@b0055], [@b0065]. The ability of BPTA to promote ROS (e.g., HO⋅ and H~2~O~2~) generation both upon irradiation with light and under dim light/dark conditions results in "always-on" bactericidal activity, as the thus produced ROS rapidly destroy DNA, RNA, proteins, and lipids to induce bacterial death and virus inactivation [@b0055], [@b0070]. Polymer nanocomposites are superior functional materials comprising nanoparticles coated on a polymer matrix or dispersed therein [@b0075]. For example, silvered BPTA dianhydride and 4,4\'-oxydianiline polyimide films prepared by casting monophasic homogeneous Ag(I) perfluorocarboxylate--poly solutions on glass exhibit outstanding mirror reflectance, surface conductivity, and metal-polymer bonding while retaining the essential mechanical properties of native polyimide [@b0080]. In another work, hierarchical nanostructures obtained by surface-constrained synthesis of AgNPs on electrospun BPTA/AAPTMI/polyimide nanofibers were probed by X-ray diffraction (XRD) analysis and elemental mapping images to confirm the existence of the Ag phase and the chemical modification of the polymer matrix, respectively [@b0085]. At this point, it should be noted that the good ability of PVA to cap AgNPs makes it a better choice for the above blend.

Herein, PVA/AgNPs composite nanofibrous membranes were fabricated by electrospinning, which is an excellent technique for preparing nanocomposite membranes with a large surface area-to-volume ratio and three-dimensional open structure [@b0090]. Subsequent BPTA grafting was conducted by immersing the membranes in variable-concentration BPTA solutions and relied on the sodium-hypophosphite-catalyzed esterification of BPTA carboxyl groups with hydroxyl groups [@b0055]. By studying the specific ROS content produced by Ag NPs and BPTA under visible and dark light conditions, the reactive oxygen species were easy to be released under various conditions and the nanofiber membrane had repeatable bactericidal activity, and the mechanism of the light-induced benzophenone group was discussed. Finally, the antibacterial, air filtration, and bioprotection capabilities of PVA/AgNPs/BPTA composite membranes were investigated, the inhibition rate of *E. coli* in the experimental sample always exceeded 90%, better than the N95 mask.

2. Material and methods {#s0010}
=======================

2.1. Materials {#s0015}
--------------

PVA (polymerization degree = 1750 ± 50, alcoholysis degree = 98--99%) and BPTA were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. AgNPs with an average particle size of 20 nm were purchased from Shanghai Chaowei Nano Co. N,N-dimethyl-4-nitrosoaniline (p-NDA) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were acquired from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals and solvents were analytical grade and obtained from Chengdu Kelong Reagent Co. (Chengdu, China), unless otherwise indicated.

2.2. Preparation of PVA/AgNPs nanofibrous membranes {#s0020}
---------------------------------------------------

PVA/AgNPs nanofibrous membranes were fabricated by electrospinning. Briefly, AgNPs (0.5 g) were dispersed in deionized water (2 mL) for 1 h using a 50-W ultrasonic bath (Shanghai Keqi Instrument Equipment Co., Ltd., KQ100DE). In another beaker, PVA (10 wt%) was dissolved in deionized water (8 mL) at 95 °C for 2 h, and the obtained solution was supplemented with that of AgNPs. The resulting mixture was vigorously stirred using a magnetic stirrer for 10 h at room temperature to obtain a homogenous precursor solution with PVA and AgNPs contents of 10 and 1 wt%, respectively, and then sonicated [@b0095].

The prepared PVA/AgNPs solution was placed in a 10-mL plastic syringe with a 0.7-mm-diameter needle and extruded at 0.010 mL min^−1^ using a syringe pump. This syringe was horizontally fixed on the syringe pump, and the metal needle tip was connected to the electrode of a high-voltage power supply held at 15 kV. PVA/AgNPs fibrous membranes were collected as overlaid membranes on electrically grounded Al foil, which covered a roller collector plate placed 12 cm away from the needle tip at ambient temperature (25 °C). After 10 mL of the solution had been consumed, the collector with the PVA/AgNPs fibrous membrane was dried overnight at 25 °C.

2.3. Catalytically grafted BPTA {#s0025}
-------------------------------

In anticipation that the combination of metal nanoparticles and benzophenone might synergistically affect photoactivity, PVA/AgNPs membranes were further grafted with BPTA to obtain PVA/AgNPs/BPTA nanofibrous membranes [@b0100]. Specifically, BPTA was dissolved in distilled water at concentrations of 10, 30, 50, and 70 g L^−1^ upon stirring at 70--80 °C, and the solution was supplemented with sodium hypophosphite monohydrate (catalyst) to afford a catalyst: BPTA ratio of 1:2 (mol/mol) [@b0105]. After a 2-h immersion in the above solution, the membranes were washed with acetone and dried under vacuum.

2.4. Membrane characterization {#s0030}
------------------------------

The morphology, surface chemical composition, thermal behavior, and crystallinity of membranes were characterized. A scanning electron microscope (FEI Quanta200, the Netherlands) equipped with a field-emission gun and a Robinson detector operating at an acceleration voltage of 10 kV was used to observe the membrane morphology. Prior to imaging, samples were sputter-coated with a thin layer of Au.

The surface chemical compositions of pure materials and nanocomposites were probed by attenuated total reflectance FTIR spectroscopy (Bruker Gmbh, Ettlingen, Germany). Samples were placed directly on the sensor of the FTIR-ATR spectrometer, and spectra were recorded in the wavenumber range of 650--4000 cm^−1^ at a resolution of 4 cm^−1^ and a scan speed of 32 s^−1^.

To examine the thermal properties of films, differential scanning calorimetry (DSC) (STA 449C, Netsch, Germany) measurements were conducted under flowing nitrogen within 50--350 °C at a heating rate of 10 °C min^−1^ [@b0110]. Approximately 1--2 mg samples were first conditioned in hermetic aluminum pans.

The elemental compositions of the Au-coated samples were analyzed using an energy dispersive X-ray analysis (EDAX) (Model: Octane Plus), that was connected with SEM. Thus, the EDAX spectra of ceramic samples were recorded by scanning a selected area of the specimen with the electron beam. The overall crystallinity of the composite fibrous membranes was probed by powder XRD (MPX3, MAC Science, Japan). Four identical membrane samples (2 × 2 cm) were stacked and placed directly on the radiation exposure stage to record XRD patterns within a 2θ range of 5--80° at a scan step of 0.4° min^−1^, voltage of 40 kV, and current of 50 mA.

2.5. Thickness and mechanical properties of membranes {#s0035}
-----------------------------------------------------

The membrane thickness was measured using a hand-held digital thickness gauge (Check Line DCN-900, USA) with an accuracy of 0.001 mm at different sample points (at the center and around edges). The average values of 10 datasets were computed to check sample thickness uniformity [@b0115].

The tensile strength (TS) and elongation at break (EB) were measured using an HD-B609B-S tensile tester (Haida International Equipment Co., Ltd.) according to the methods of Wang et al [@b0120]. Each membrane was cut into 60 × 10 mm rectangular strips that were stretched at 50 mm min^−1^. Experiments were conducted in triplicate for both TS and EB measurements.

2.6. Surface color of membranes {#s0040}
-------------------------------

The color of the membranes was measured at randomly selected points by a chromometer (Konica Minolta, CR-400, Tokyo, Japan) using a standard white plate as a background and expressed in terms of L\* (brightness), a\* (red-green intensity), and b\* (yellow-blue intensity) [@b0125]. The total color difference (ΔE\*) was then calculated according to Eq. [(1)](#e0005){ref-type="disp-formula"}:$$\Delta E \ast = \left\lbrack {{(\Delta a \ast )}^{2} + {(\Delta L \ast )}^{2} + {(\Delta b \ast )}^{2}} \right\rbrack^{0.5}$$where *ΔL\**, *Δa\**, and *Δb\** are the differences between the color values of the standard color plate and studied membranes.

2.7. Moisture content (MC) and swelling degree (SD) {#s0045}
---------------------------------------------------

Samples were pre-weighed and oven-dried to an equilibrium weight at 105 °C [@b0130], and the MC was calculated with Eq. [(2)](#e0010){ref-type="disp-formula"}:$$MC = \frac{W_{\omega} - W_{d}}{W_{\omega}} \times 100\%$$where *W~ω~* is the initial equilibrium weight of the membrane stored at room temperature, and *W~d~* is the membrane weight after drying. Three samples per membrane were tested to measure the average MC.

For swelling behavior characterization, membranes were immersed in distilled water (50 mL) at 37 °C for 24 h [@b0130]. As PVA1799 is insoluble in water, we only calculated the membrane SD using Eq. [(3)](#e0015){ref-type="disp-formula"}:$$SD = \frac{W_{s} - W_{d}}{W_{d}} \times 100\%$$where *W~s~* is the film weight after soaking for 24 h and removing the surface water with blotting paper, and *W~d~* is the final weight of the membranes after drying for 24 h.

2.8. Water vapor permeability (WVP) {#s0050}
-----------------------------------

The WVP was determined gravimetrically according to a slight modification in the ASTM standard test method (ASTM, 2003). The membranes (3 × 3 cm) were sealed in glass test tubes containing silica gel (0% relative humidity (RH)) and then stored in a desiccator that was filled with distilled water (100% RH) at 25 °C and 53% RH and sealed to prevent water vapor leakage. The test tubes were weighed every three days over a period of 15 days. Measurements were conducted in triplicate for each membrane sample, and WVP was calculated according to Eq. [(4)](#e0020){ref-type="disp-formula"} [@b0135]:$$WVP = \frac{\Delta w}{t} \times \frac{x}{A \times \Delta P}$$where *Δw* is the weight change (g), *t* is time (h), *x* is the membrane thickness (m), *A* is the membrane sample area (m^2^), and *ΔP* (kPa) is the vapor pressure difference across the membrane at 25 °C.

2.9. ROS quantitation {#s0055}
---------------------

To test the photoactivity of composite membranes, we determined the yields of two typical ROS (OH⋅ and H~2~O~2~) under daylight irradiation simulated using a D65 standard daylight tube (GE F15T8/D). Hydroxyl radicals generated by BPTA-treated composite membranes were quantified by an indirect spectrophotometric method using *p*-NDA as an OH⋅-selective scavenger [@b0140]. In a typical test, a 10-mg membrane sample was immersed in a solution of *p*-NDA (50 mM, 10 mL) and exposed to the D65 standard light source or dark conditions for a certain time. The concentration of residual *p*-NDA was determined from the absorbance at 440 nm [@b0035]. To quantify the amount of released OH⋅ radicals, a p-NDA calibration curve in H~2~O was constructed and used to certify *p*-NDA concentration prior to irradiation (C~0~). After light exposure, the absorbance of the *p*-NDA solution was measured to obtain the residual concentration (C~1~) and hence the amount of consumed *p*-NDA. Hydroxyl radicals oxidized *p*-NDA to afford an intermediate that underwent disproportionation to afford equal amounts of a nitro species (not absorbing at 440 nm) and *p*-NDA, which allowed one to calculate the amount of produced OH⋅ radicals.

H~2~O~2~ produced over composite membranes was quantified by the method reported by Hou et al. and another indirect spectrophotometric method detailed in the Standard Operating Procedure: Procedure for Analyzing Hydrogen Peroxide Concentrations in Water (Procedure No: GSI/SOP/BS/RA/C/7, Issue Date: June 15, 2009) [@b0070]. A 5-mg membrane sample was placed in deionized water (5 mL) and exposed to daylight or dark conditions for a certain time. After exposure, a 1-mL solution aliquot was mixed with 1 mL of reagent I \[aqueous solution of KI (66 g L^−1^), NaOH (2 g L^−1^), and (NH~4~)~6~Mo~7~O~24~·4H~2~O (0.2 g L^−1^)\] and 1 mL of reagent II \[aqueous solution of potassium hydrogen phthalate (20 g L^−1^)\] upon 10-min stirring. The concentration of H~2~O~2~ was determined from the absorbance at 351 nm using a calibration curve to obtain the H~2~O~2~ production capacity of the composite membrane.

2.10. Antioxidant activity evaluation {#s0060}
-------------------------------------

Antioxidant activity was determined by the DPPH radical scavenging assay. In a typical test, a 0.1-g membrane sample was extracted with methanol (2.5 mL), 100 µL of the sample extract was added to 4.9 mL of 0.1 mM methanolic DPPH upon vortex mixing, and the mixture was incubated at 25 °C for 30 min in the dark [@b0135]. Changes in the extract absorbance at 517 nm were measured using a UV--vis spectrophotometer. Five tests were performed for each sample, and the obtained averages were used to calculate the antioxidant activity with Eq. [(5)](#e0025){ref-type="disp-formula"}:$$DPPHscavengingactivity = \frac{\left( {ADPPH - AS} \right)}{\mathit{ADPPH}} \times 100\%$$where *A~DPPH~* is the original absorbance of methanolic DPPH, and *A~s~* is the absorbance of the DPPH assay solution.

2.11. Antimicrobial activity evaluation {#s0065}
---------------------------------------

To probe the antibacterial properties of neat PVA and composite membranes, we analyzed their ability to inhibit the growth of two foodborne pathogens, namely gram-positive *S. aureus* (*S. aureus PTCC 1112)* and gram-negative *E. coli* (*E. coli PTCC1270*), using a disk inhibition method. *E. coli* and *S. aureus* were aseptically inoculated in trypticase soy broth and shake-cultured at 37 °C for 24 h [@b0145]. Lysogeny broth agar was used as a bacterial growth medium. The bacterial culture (0.2 mL, 10^6^ CFU mL^−1^) was uniformly dispersed on the plate medium surface [@b0150]. The membranes were cut into 8-mm-diameter circles and placed on the upper layer of agar plates, which were then incubated at 37 °C for 24 h. The widths of the inhibition zone formed around the membranes were considered as a measure of the antibacterial activity. All samples were characterized in triplicate.

2.12. Air filtration performance {#s0070}
--------------------------------

Using the method of intercepting sodium chloride (NaCl) aerosol particles, a filter material comprehensive performance tester (LZC-H) was used to study the performance of membranes for intercepting ultrafine particles. The average diameter of the dispersed solid mass, in this case 300--500 nm neutral single NaCl particles, was used to evaluate the aerosol filtration performance under increased airflow. The filter QF values are used to measure the relationship between the filter efficiency and pressure drop, which was calculated using Eq. [(6)](#e0030){ref-type="disp-formula"}:$$\mathit{QF} = - \frac{ln(1 - \eta)}{\Delta P}$$where η is the filtration efficiency, and *ΔP* is the pressure drop.

In addition, a 1 × 10^6^ cfu aerosol containing *E. coli* was prepared as a model infection aerosol, the size of which was similar to that of aerosols produced by human sneezing or coughing. PVA/AgNPs/BPTA-50 g L^−1^, with dimensions of 3 × 3 cm^2^, was attached to the right side of the 3 M N95 mask, and irradiated for 1 h, and the respirator was exposed to an aerosol flow of 0.2 mL min^−1^ for 30 s. A dust mask without antibacterial properties was used as a control. After standing for 30 min, three groups of live bacteria were collected and measured in the control area, sample area and N95 area. The experiment was repeated seven times.

2.13. Statistical analysis {#s0075}
--------------------------

The results were reported as mean ± standard deviation based on multiple samples. The obtained values were subjected to analysis of variance, and the means were separated by Duncan's multiple range test (Super ANOVA, Abacus Concepts, Inc., Berkeley, CA, USA), with p \< 0.05 considered significant.

3. Results and discussion {#s0080}
=========================

3.1. Mechanism of photochemical ROS generation {#s0085}
----------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} explains the generation of ROS in PVA/AgNPs/BPTA membranes. BPTA can enter a triplet excited state through intersystem crossing (ISC) between systems, which can be directly quenched by oxygen to generate ^1^O~2~ or abstract a hydrogen atom from a hydrogen donor to form a quinone group. [@b0040], [@b0155]. In the presence of oxygen, quinone groups are quenched to produce ROS [@b0140], [@b0160]. However, when a triplet-state quinone group is not fully quenched in the presence of oxygen, competitive reactions such as structural rearrangement and second hydrogen abstraction lead to the formation of a storagly active metastable structure, as exemplified by the light absorption transient structure of membranes [@b0035], which has poor stability and can be easily converted to benzophenone with a concomitant recovery of photosensitive activity [@b0165]. Therefore, PVA/AgNPs/BPTA membranes could readily form and release ROS even in the dark.Fig. 1Synthesis of photoinduced ROS generation.

3.2. Morphology and diameter distribution of the membranes {#s0090}
----------------------------------------------------------

The surface morphologies, average diameters, and size distributions of the pure PVA and composite membranes were investigated by SEM. [Fig. 2](#f0010){ref-type="fig"} shows SEM images of the PVA membrane, composite membranes with AgNPs, and variable-BPTA-content PVA/AgNPs/BPTA membranes, revealing the presence of Au particles as an artifact of Au sputtering-coating. The average diameter of fibers in the electrospun nanofibrous membrane was calculated by measuring the diameters of 100 randomly selected fibers using ImageJ software. As shown in [Fig. 2](#f0010){ref-type="fig"}, the PVA membrane featured a highly uniform and smooth structure with an average diameter of 213.18 ± 64.13 nm. However, the fibers became thicker and more adhesive with an increase in the BPTA content, which was indicative of fiber agglutination and expansion. According to the previous studies, BPTA content increase had no significant effect on the TS (*p* \> 0.05) [@b0060]; however, it could result in thick membranes. To observe AgNPs in the fiber membrane, we selected the PVA/AgNPs/BPTA composite membrane prepared at a BPTA concentration of 10 g L^−1^ and featuring hybrid fibers with an average diameter of 240.30 ± 89.59 nm and 1 wt% AgNPs. [Fig. 2](#f0010){ref-type="fig"} shows that the incorporation of 1 wt% AgNPs reduced the average nanofiber diameter by 20 nm (with other electrospinning conditions being the same). Notably, during the electrospinning of the highly conductive solution, the high charge density formed on the surface of the ejected jet made it experience a high extension force [@b0170]. Once charge repulsion overcomes surface tension, the liquid stretches from the "Taylor cone" to form fibers. The addition of AgNPs led to an increase in net charge, and enhanced electrostatic stress caused droplets to rapidly stretch into nanofibers with a smaller diameter [@b0175]. Therefore, fibers in the PVA/AgNPs/BPTA membranes were slightly thinner than those obtained in the absence of AgNPs.Fig. 2(a-d) SEM images of electrospun membranes; (e-h) magnified images of electrospun nanofibers; (i-l) diameter of nanofibers determined from SEM images using ImageJ software.

To further probe the incorporation and distribution of AgNPs in the PVA matrix, we probed PVA/AgNPs/BPTA membranes by the energy dispersive analysis of EDAX. During the transfer process, the atoms of each element emit X-rays with unique amounts of energy and the energy of the emitted X-rays can be used to identify the element. The survey X-ray photoelectron spectrum of these fibers confirmed the presence of C, O, and Ag, which is in agreement with the corresponding EDS spectrum ([Fig. 3](#f0015){ref-type="fig"} ). The existence of the characteristic peak of Ag demonstrated that AgNPs were successfully incorporated into membranes. The quantitative results of the survey spectrum (16.42 wt% Ag, 20.75 wt% O and 62.83 wt% C) clearly confirmed the presence of Ag, O, and C in the structure of the sample. The SEM-EDX elemental mapping of the sample indicated a roughly uniform distribution of the AgNPs inside the polymer matrix.Fig. 3Elemental mapping images of PVA/AgNPs/BPTA membranes, and the elemental distributions of C, Au, O and Ag.

3.3. XRD analysis {#s0095}
-----------------

The crystallinities of pure PVA and composite membranes were probed by XRD, with patterns of pure PVA, BPTA, PVA/BPTA membranes, AgNPs, and PVA/AgNPs/BPTA membranes shown in [Fig. 4](#f0020){ref-type="fig"} . The spectrum of PVA, a typical semi-crystalline polymer, featured a strong peak at 2θ = 19.8° due to PVA inter- and intrachain hydrogen bonding [@b0180]. In the case of AgNPs, peaks at 2θ = 38.66°, 44.42°, 64.22°, and 77.16° were ascribed to reflections from (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes, respectively [@b0025]. [Fig. 4](#f0020){ref-type="fig"} shows a wide-scan pattern of pristine AgNPs, revealing that the observed peaks can be assigned to face-centered-cubic Ag with a strongly preferred (1 1 1) orientation, in line with JCPDS 4--0783 [@b0185]. The pattern of the PVA/AgNPs/BPTA membrane showed characteristic peaks of the three components. As PVA crystallization was inhibited through intermolecular complexation with BPTA (which formed new hydrogen bonds with PVA chains at the expense of existing intra- and interchain hydrogen bonds), the PVA/AgNPs/BPTA composite peak at \~ 19.8° was weaker and narrower than that of pure PVA. The patterns of PVA/AgNPs and PVA/AgNPs/BPTA membranes confirmed the presence of AgNPs, and the structure of incorporated BPTA was further probed by FTIR-ATR spectroscopy.Fig. 4XRD patterns of BPTA, AgNPs, PVA, and composite membranes.

3.4. FTIR spectroscopy analysis {#s0100}
-------------------------------

[Fig. 5](#f0025){ref-type="fig"} shows the chemical structure of pure PVA, PVA/AgNPs/BPTA composite membranes, and the corresponding FTIR-ATR spectra. The spectrum of PVA featured characteristics peaks at 3293, 2924, 1327, and 1093 cm^−1^ representing ---OH stretching, C---H stretching, C---H bending, and C---O stretching, respectively [@b0190]. The asymmetric and symmetric vibration peaks of BPTA carboxyl groups were located at 1621 and 1440 cm^−1^, respectively, whereas the COOH peak of pure BPTA was observed at 1700 cm^−1^. In the spectra of BPTA-grafted composite membranes, peaks at 1586 and 1230 cm^−1^ were attributed to ester O---C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O and C---O moieties, respectively [@b0195]. The spectra of BPTA-containing composite membranes featured a new ester peak at 1722 cm^−1^, indicating the successful incorporation of BPTCD [@b0200]. The similarity of the neat PVA and PVA/AgNPs composite membrane spectra suggested that the chemical structure of PVA did not change after AgNPs incorporation. However, the peak at 3330 cm^−1^ gained intensity after composite membrane formation, which indicated that BPTA and AgNPs engaged in hydrogen bonding with PVA. The effects of AgNPs on PVA composites and other polymer systems have also been described by other authors. This behavior indicated that the cross-linking of PVA chains was affected by the above PVA-AgNPs hydrogen bonding [@b0205]. In addition, in the presence of AgNPs, the band at 1374 cm^−1^ shifted to higher wavenumbers because of the intensified interaction between PVA--OH groups and AgNPs. This interaction limited the outer curved plane and PVA--OH group oscillation, which, in turn, affected PVA chain mobility and physical cross-linking [@b0210].Fig. 5FTIR analysis of PVA/AgNPs/BPTA, PVA/AgNPs, PVA, and BPTA.

3.5. DSC measurements {#s0105}
---------------------

The heat resistance and thermal stability of composite membranes containing BPTA and AgNPs were probed by DSC in an atmosphere of N~2~. [Fig. 6](#f0030){ref-type="fig"} displays DSC thermograms of pure PVA as well as PVA/AgNPs, and PVA/AgNPs/BPTA blends, which were recorded within a temperature range of 50--350 °C. The thermogram of catalyst-free BPTA featured an endothermic peak at 223 °C. The exothermic peak of pure BPTA was sharper than that of the composite membrane, which was ascribed to the lower crystallization time due to the increased crystallization rate. The intensity of the (weak) melting peak of neat PVA at 220 °C was related to the PVA crystallinity degree. However, the incorporation of AgNPs into the composite membrane resulted in the dominance of an exothermic peak in the same temperature range. In BPTA-containing composite membranes, the PVA melting peak was covered by this strong exothermic peak, attributed to the reaction of BPTA with the molten polymer matrix. The incorporation of BPTA and AgNPs resulted in a shift of the endothermic peak from 222.9 to 199.1 °C and made it wider and less intense, indicating hindered crystallization. These phenomena indicated the occurrence of thermal induction resulting in the reduction of Ag, mainly due to the presence of organic components or possible crystallization of amorphous AgNPs formed during membrane preparation [@b0095]. An additional endothermic peak of PVA starting at 85 °C and the glass transition temperature (Tg) of the PVA film were related. Our FTIR spectral analysis proved that Ag and PVA in the composite film were not chemically bonded. Therefore, the weak change in PVA/AgNPs is mainly due to the crystallization of the composite material itself. However, the Tg of PVA/BPTA is higher than that of PVA, because a large amount of cross-linking generally increases the Tg [@b0215].Fig. 6DSC curves of BPTA, PVA, and different composite membranes.

3.6. Mechanical properties {#s0110}
--------------------------

Although numerous synthetic- and natural-polymer-based materials exhibit excellent antibacterial activity, their applicability is limited by poor mechanical properties [@b0220]. To mitigate this problem, PVA-Ag nanofibrous membranes have been developed and applied in many fields, as exemplified by the high-mechanical-strength composites described herein. The effects of incorporating AgNPs and BPTA into nanofibrous membranes on the elastoplastic response of these membranes were studied by tensile testing ([Fig. 7](#f0035){ref-type="fig"} ). Compared with the pure PVA membrane, the composite membranes had significantly higher EB and TS (*p* \< 0.05), which demonstrated the effectiveness of PVA supplementation with AgNPs at low loadings, in line with the results of Fortunati et al [@b0205]. The increase in mechanical strength was attributed to the physical interaction between the polymer matrix and AgNPs, i.e., to the distribution of AgNPs within the polymer matrix to form a large interfacial contact area. The introduction of AgNPs also increased the crystallinity of the PVA/BPTA matrix and the fracture stress of the corresponding membranes [@b0020]. Thus, AgNPs were concluded to significantly enhance the mechanical properties of nanofibrous membranes. With the increasing BPTA content, the EB of the PVA/AgNPs/BPTA composite membrane first increased and then decreased, while the TS remained stable. These changes were ascribed to the microscale network structure and intermolecular forces generated in the membrane matrix because of organic matter cross-linking. The TS of cross-linked composite membranes increased because of the addition of BPTA to fibers and the TS reached the maximum with BPTA content up to 30 g/L. This finding reveals that chemical modification provided a large interfacial contact area, which improved the interfacial adhesion between the grafted BPTA and the matrix [@b0225]. In line with SEM observations, an increase in BPTA content from 50 to 70 g L^−1^ resulted in a decrease in EB owing to the reduced magnitude of attractive forces between matrix chains [@b0230]. This finding can be attributed to the surface modification of the film, which improved the adhesion between the blend layers and the surface of BPTA, thereby mechanically anchoring the film on the structure when grafting with a high concentration of BPTA [@b0225].Fig. 7Mechanical properties of different composite membranes.

3.7. Analysis of ROS production {#s0115}
-------------------------------

To quantify ROS rechargeability, we first exposed variable-BPTA-content PVA/AgNPs/BPTA membranes to 1-h daylight irradiation and measured OH⋅ production every 10 min, revealing that \> 90% of ROS was rapidly released in the first 10 min, and the amounts of OH⋅ and H~2~O~2~ subsequently reached equilibrium ([Fig. 8](#f0040){ref-type="fig"} (a) and (b)), which is in line with the results reported by Yi et al [@b0165]. PVA and PVA/AgNPs membranes with the same BPTA content showed similar ROS production profiles, which suggested that AgNPs do not directly generate ROS or hinder their formation. Banerje et al. observed the bactericidal effect of AgNPs-containing nanocomposites due to ROS-generated oxidative stress in the cytoplasm of bacterial cells [@b0030]. As expected, PVA/AgNPs/BPTA membranes featured the highest charging capacity. ROS production increased with an increase in the BPTA content, reaching saturation at a BPTA concentration of 50 g L^−1^. The number of produced OH⋅ radicals was determined by the number of benzophenone moieties on the membrane, which also saturated at a BPTA level of 50 g L^−1^. After 1 h of daytime charging, the release of OH⋅ and H~2~O~2~ was 7378.601 and 622.55 µg g^−1^, respectively, corresponding to charging rates of 130.63 and 10.38 µg g^−1^ min ^−1^, respectively, and indicating the utilization of large amounts of light energy. A cyclic irradiation test with a 30-min-interval light--dark fatigue cycle performed on PVA grafted with BPTA at 50 g L^−1^ ([Fig. 8](#f0040){ref-type="fig"}(c) and (d)) showed that OH⋅ and H~2~O~2~ production was mainly observed during the irradiation period and ceased in the dark. The amount of ROS steadily increased after irradiation, although activity did not significantly decrease (*p* \> 0.05), which is in agreement with previously reported results [@b0035].Fig. 8(a, b) Amounts of OH⋅ and H~2~O~2~ produced by samples over 60 min; (c, d) Time course of OH⋅ and H~2~O~2~ production over PVA/AgNPs/50-g L^−1^ BPTA (irradiation period = white, dark period = gray); (e) Evaluation of PVA/AgNPs/50-g L^−1^ BPTA rechargeability by repeated charging and quenching over seven cycles.

Subsequently, we explored the reusability of composite membranes to evaluate the economic viability of their practical application. The recharging cycle test of PVA/AgNPs/50-g L^−1^ BPTA composite membranes was performed as displayed in [Fig. 8](#f0040){ref-type="fig"}(e). In each cycle, the membranes were first irradiated for 1 h and then completely quenched with excess thiosulfate solution. After seven cycles, no significant reduction of recharging capacity was observed, i.e., the composite membrane retained 72.5 and 76.3% of its original OH⋅ and H~2~O~2~ charging capacities, respectively. This behavior highlights the structural stability of the tested membrane, showing that it can be employed as a multiple-use medical protective material.

3.8. Antibacterial activity {#s0120}
---------------------------

Antibacterial activity is another basic requirement for PPE materials intended for medical use, especially in the case of the increasingly serious virus outbreaks currently facing the public. The antibacterial activity of membranes was described by the size of the corresponding inhibition region for Gram-positive *S. aureus* and Gram-negative *E. coli*, as shown in [Fig. 9](#f0045){ref-type="fig"} . The PVA membrane exhibited no inhibitory effect on both bacteria, while the PVA/AgNPs/BPTA membranes showed significant *S. aureus* inhibition zones with diameters (9.14--18.2 mm) positively correlated with BPTA content ([Table 1](#t0005){ref-type="table"} ). This bactericidal effect was ascribed to the breakdown of the bacterial cytoplasmic membrane/cell wall and the leakage of pathogens into the cytoplasm [@b0235]. However, the activity of such membranes against *S. aureus* has been reported to be stronger than that against *E. coli* [@b0240]. The cell wall structures of Gram-positive and -negative microorganisms are different, with those of the latter featuring a polysaccharide membrane thicker than the peptidoglycan membrane of the former, which makes the structure and chemistry of Gram-negative bacteria more complex. Henece, PVA/AgNPs/BPTA membranes exhibit higher antibacterial actibity against these bacteria [@b0245].Fig. 9Inhibition zones of PVA with different BPTA contents against *S. aureus* and *E. coli*.Table 1Antimicrobial properties of PVA/AgNPs membranes without and with BPTA.SamplesDiameter of inhibition zone (mm)*S. aureusE. coli*PVANDNDPVA/AgNPs/BPTA-10 g/L9.11 ± 0.03^e^11.54 ± 0.14^d^PVA/AgNPs/BPTA-30 g/L13.43 ± 0.11^d^13.41 ± 0.37^c^PVA/BPTA-50 g/L14.81 ± 0.06^c^14.12 ± 0.14^c^PVA/AgNPs/BPTA-50 g/L15.94 ± 0.10^b^15.55 ± 0.29^b^PVA/AgNPs/BPTA-70 g/L18.12 ± 0.08^a^16.41 ± 0.05^a^[^2]

The small grain size and large specific surface area of nanocomposites may benefit antibacterial activity [@b0185], although the exact mechanism of the antibacterial action of AgNPs remains controversial. According to the results of ROS production analysis, the presence of AgNPs did not significantly impact the amount of active oxygen produced by membranes. This finding further proves that AgNPs can promote the production of ROS by cells and anchor to the bacterial cell wall to produce "pits" on their surface and subsequently make their way into cells to induce structural changes of the cell membrane and eventually cell death [@b0250]. Therefore, even though the corresponding ROS production profiles were not significantly different (*p* \> 0.05), the inhibition zone of PVA/Ag/50-g L^−1^ BPTA was larger than that of PVA/50-g L^−1^ BPTA for both *E. coli* and *S. aureus*, which indicated the existence of a synergistic effect of AgNPs and BPTA on antibacterial ability.

3.9. Color and light transmission {#s0125}
---------------------------------

The color values (L\*, a\*, and b\*) and total color differences (ΔE\*) of pure PVA and composite membranes are listed in [Table 2](#t0010){ref-type="table"} . L\*, a\*, and b\* values provide an objective evaluation of the composite membrane appearance, whereas ΔE\* reflects the treatment-induced color change relative to the reference color [@b0255]. L\*, which represents lightness, decreased upon the incorporation of AgNPs and BPTA (*p* \< 0.05), i.e., the membrane color concomitantly changed to a darker hue. The values of a\*, reflecting green--red color prevalence, were negative for all membranes except for pure PVA, i.e., composite membranes were not truly red. The values of b\*, reflecting blue-yellow color prevalence, increased upon the incorporation of AgNPs and BPTA (*p* \< 0.05), indicating a slight increase in yellowness. The highest b\* value of 7.21 was observed for PVA/Ag/30-g L^−1^ BPTA, which is in agreement with the corresponding value of a\*, indicating the presence of colored compounds in composite membranes [@b0260]. In addition, ΔE\* showed a trend similar to that of b\* except for pure PVA as the control group and ranged from 48.07 to 23.79, which indicated that the absolute color difference could be easily detected by the human eye (*p* \< 0.05) [@b0265].Table 2L\*, a\*, b\*, ΔE, moisture content (MC), swelling degree (SD), and water vapor permeability (WVP) of different nanocomposite films.SamplesL\*a\*b\*ΔEMC %SD %WVP × 10^−11^ (g·Pa^−1^s^−1^m^−1^)PVA96.49 ± 0.23^a^6.49 ± 0.18^a^3.61 ± 0.08^c^9.91 ± 0.29^c^8.30 ± 0.09^d^37.14 ± 2.56^a^20.72 ± 0.32^a^PVA/AgNPs66.77 ± 0.43^b^5.11 ± 0.10^b^3.77 ± 0.40^b^23.79 ± 0.39^b^9.81 ± 1.16 ^cd^38.46 ± 1.71^a^14.81 ± 0.42^b^PVA/AgNPs/BPTA-10 g/L42.05 ± 0.45^c^1.70 ± 0.24^c^7.20 ± 0.28^a^48.07 ± 0.46^a^11.79 ± 0.39^bc^35.81 ± 0.61^a^10.51 ± 0.09^c^PVA/AgNPs/BPTA-30 g/L42.08 ± 0.47^c^1.83 ± 0.22^c^7.21 ± 0.08^a^48.05 ± 0.47^a^13.37 ± 0.67^ab^34.66 ± 1.01^a^9.08 ± 0.16^d^PVA/AgNPs/BPTA-50 g/L42.11 ± 0.49^c^1.84 ± 0.22^c^7.21 ± 0.07^a^48.01 ± 0.48^a^14.94 ± 0.43^a^33.22 ± 2.72^ab^6.05 ± 0.08^e^PVA/AgNPs/BPTA-70 g/L42.32 ± 0.22^c^1.82 ± 0.37^c^7.19 ± 0.13^a^47.80 ± 0.21^a^13.44 ± 0.17^ab^27.73 ± 0.99^b^10.81 ± 0.22^c^[^3]

3.10. MC and SD {#s0130}
---------------

[Table 2](#t0010){ref-type="table"} shows that with the increasing BPTA content, MC first increased and then decreased. At BPTA concentrations above 50 g L^−1^, excess BPTA easily precipitated and crystallized to reduce the compactness of the composite membranes and afford pore defects, which, in turn, decreased MC. Meanwhile, the insignificant increase in MC (*p* \> 0.05) upon incorporating AgNPs into pure PVA was associated with the structural differences of the polymer matrix, specifically with the dependence of chain arrangement on the initial ionic strength of the aqueous medium and the molecular interactions with Ag species in this medium. At a low AgNPs loading, macromolecular chains were extended via linkage with Ag species, which increased the tortuous coefficient of water molecule diffusion [@b0270].

Water absorption is an important indicator of material water resistance. Herein, to eliminate the effects of the differences in the initial membrane weights, we quantified the water absorption of different membranes over 24 h ([Table 2](#t0010){ref-type="table"}), revealing that pure PVA easily absorbed water to achieve a water absorption efficiency of \> 38%. After blending with BPTA, the water absorption efficiency of composite membranes decreased. The water absorption efficiency of the PVA/AgNPs/BPTA composite membrane was significantly lower than that of pure PVA (*p* \< 0.05), while that of the PVA/AgNPs membrane was not significantly different (*p* \> 0.05). This behavior was ascribed to the fact that although the content of AgNPs was low, these NPs formed a three-dimensional structure when mixed with BPTA. Upon intercalation, PVA chains experienced stronger intermolecular forces than a single two-dimensional structure and therefore did not readily combine with water molecules.

3.11. WVP {#s0135}
---------

The WVP values revealed that water molecules and the polymer matrix engaged in interactions that could promote the adsorption and diffusion of influent molecules and thus hinder desorption [@b0275]. The permeability of the PVA composite membrane was generally lower than that of the corresponding cast membranes, as the tightly connected three-dimensional network of the former hinders the migration of water vapor through nanofibers (*p \<* 0.05) [@b0280]. [Table 2](#t0010){ref-type="table"} lists the WVPs of the composite membranes, showing that at a constant BPTA content, the WVP of the PVA and PVA/AgNPs membranes decreased upon AgNPs incorporation, in line with the results of Sarwar et al [@b0020]. This behavior was ascribed to the strengthening of interactions between polymer chains after AgNPs incorporation and the concomitant decrease in internal intermolecular distance and free volume. The formation of a composite membrane with a tight and more complex network structure increased the diffusion path length of water vapor and thus reduced the diffusion and solubility coefficients [@b0285]. The WVP of the PVA/AgNPs/BPTA membrane decreased with the increasing BPTA content and was lower than that of the PVA/AgNPs membrane, which was ascribed to a concomitant decrease in membrane hydrophilicity due to ester bond formation upon BPTA grafting. However, WVP did not always decrease with the increasing BPTA content, as overly high BPTA loadings resulted in a damaged internal structure of fibers and, hence, in increased WVP, which was, nevertheless, still lower than that of the pure PVA membrane.

3.12. Antioxidant activity {#s0140}
--------------------------

The antioxidant defense system works by blocking the production of free radicals, scavenging oxidants, preventing the chain growth of these oxidants, and improving the endogenous antioxidant activity of involved substances. These defense tools work together to defend the body from oxidative stress [@b0290]. DPPH is a nitrogen-centered free radical often used to estimate the radical scavenging activity of antioxidants. In the presence of antioxidants, DPPH is quenched to afford yellow diphenyl pyridinomethyl hydrazine, and the accompanying absorbance decrease is used as a measure of antioxidant hydrogen bonding ability [@b0295]. In general, DPPH clearance efficiency is positively correlated with antioxidant capacity (*p* \< 0.05). According to previous studies, Ag loadings of \< 0.02 wt% can result in DPPH clearance efficiencies of \> 20% [@b0300]. Herein, clearance efficiencies of \> 60% were achieved for membranes with 1 wt% AgNPs ([Fig. 10](#f0050){ref-type="fig"} ). Nakkala et al. showed that AgNPs can gain or lose electrons to form stable species and thus effectively quench free radicals [@b0305]. Hence, the PVA/AgNPs/BPTA composite membrane supplemented with AgNPs may act as antioxidants owing to the presence of proton-donating (amino and hydroxyl) groups. DPPH scavenging activity slowly increased with the increasing BPTA content; therefore, the antioxidant activity of the composite membranes was concluded to mainly depend on the addition of AgNPs.Fig. 10DPPH scavenging activity of composite membranes with and without AgNPs.

3.13. Filtration performance evaluation and bioprotection application {#s0145}
---------------------------------------------------------------------

The ability of the fibrous membrane to intercept ultrafine particles was studied, and the filtration performance was evaluated using polydisperse NaCl particles with diameters of 300 to 500 nm under increasing airflow. As shown in [Fig. 11](#f0055){ref-type="fig"} (a), as the gas flow increases, the filtration efficiency of PVA/AgNPs/BPTA-50 g L^−1^ sample decreases. The lower the gas flow rate, the more sufficient are collisions between NaCl particles and fibers under the diffusion effect, resulting in a higher filtration capacity. As the airflow rate increased from 10 to 90 L min^−1^, the filtration efficiency of the membrane decreased from 99.98 to 98.54%, which was still significantly higher than that of the N95 mask (95%), reflecting the excellent filtration performance of the sample [@b0055]. The membranes with PVA as the base material are relatively dense, and the pressure drop in the mask material is large. During experiments, the pressure drop increased linearly with the increasing air flow velocity. Compared with the N95 mask, the nanofiber structure of the sample had worse permeability. The SEM results in [Fig. 11](#f0055){ref-type="fig"}(b) show that many aerosol particles were intercepted on the top surface of the membrane under air flow at 90 L min^−1^ for 5 min. At the same time, the filtered membrane still maintained its integrated structure. The pressure drop is directly related to the basis weight of the membrane. Some commercial filters have a filtration efficiency of 98.09% for 300--500-nm particles, accompanied by a pressure drop of 188 Pa. As shown in [Fig. 11](#f0055){ref-type="fig"} (c), as the basis weight of the membranes increased from 2.1 g m^−2^ to 14.9 g m^−2^, the pressure drop showed a significant increasing trend, which was proportional to the unit weight of the fibrous membrane. The minimum pressure drop of NaCl with a basis weight of 2.1 g m^−2^ to NaCl was 168 Pa, corresponding to a higher QF value. The higher basis weight resulted in a thicker network structure and increased the flexibility of the airflow channels, providing more contact points between particles and nanofibers [@b0310].Fig. 11(a) Filtration efficiency and pressure drop of PVA/AgNPs/50-g L^−1^ BPTA as a function of airflow;(b) SEM images of the top and bottom surface of PVA/AgNPs/50-g L^−1^ after filtration; (c) QF values and pressure drop of PVA/AgNPs/50-g L^−1^ with various basis weights; (d) bacterial-aerosol-generating device and N95 mask intercept test; (e) comparison of the antibacterial rates of an N95 mask and PVA/AgNPs/50-g L^−1^ over seven interception cycles.

As shown in [Fig. 11](#f0055){ref-type="fig"}(d), a 1 × 10^6^ cfu aerosol containing *E. coli* was prepared as a model infection aerosol, the size of which was similar to that of aerosols produced by human sneezing or coughing. PVA/AgNPs/BPTA-50 g L^−1^ was attached to the right side of an N95 mask and irradiated for 1 h for comparison with a dust mask without antibacterial properties. On the control area, *E. coli* showed high activity, with free growth and proliferation. As shown in [Fig. 11](#f0055){ref-type="fig"}(e), after four experiments, the antibacterial effect of the N95 area decreased significantly. In contrast, in the experimental sample area, the inhibitory rate was consistently over 90%, indicating strong protection against pathogens and high reusability.

4. Conclusions {#s0150}
==============

PVA/AgNPs membranes were prepared by electrospinning and catalytically grafted with BPTA to prepare the PVA/AgNPs/BPTA composite membrane. SEM images showed that AgNPs were uniformly dispersed in the PVA matrix and that fiber diameter increased. Moreover, introducing AgNPs into PVA membranes decreased their WVP and enhanced their mechanical properties. XRD and FTIR spectroscopic analyses confirmed the presence of AgNPs and the formation of ester bonds upon BPTA grafting. The PVA/AgNPs/BPTA composite membrane showed excellent antimicrobial activity. In addition, the PVA/AgNPs/BPTA composite membranes could produce ROS under both light and dark conditions. After the generated ROS were quenched, these membranes were subjected to seven repeated ROS generation cycles, and were shown to retain \>70% of their original OH⋅ and H~2~O~2~ charging capacity. In the filtration test, the membranes showed high filtration efficiencies of 99.98% for NaCl and held a relatively low pressure drop of 168 Pa with a basis weight of 2.1 g m^−2^. After being sprayed with *E. coli* aerosols seven times, the membranes still had a stronger antibacterial potency than N95 masks, which reflected the reusability of the membranes. Thus, the cross-linked PVA/AgNPs membrane reinforced with grafted BPTA was concluded to be structurally stable and reusable, thus being well suited for use as a medical protective material.
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